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Abstract
The penetration of electrons through matter has long been the subject of both theoretical and experimental
investigations. Because of simplicity, the investigation frequently deals with a collimated beam of
monoenergetic electrons incident normally upon a planar target. Two of the most useful measurements
connected with such an experiment concern the range or depth of penetration of electrons in the target, and
the intensity of the transmitted beam as a function of incident energy. One object of this research is to
determine experimentally range-energy data for thin films. The other object is to measure the transmission of
electrons by a thin film and to apply the data to beta-ray spectra obtained using the film as the window in a G-
M counter.
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TRANSMISSION OF 0-50 KILOVOLT ELECTRONS 
BY THIN FILMS WITU APPLICATIONS TO 
BETA-RAY SP.ECTROSCOPY1 
Raymond 0. Lane and D. J. Zaffarano 
I. ABSTRACT 
The transmission of electrons by thin films as a function of the 
incident energy of the electrons was measured using thermal electrons which 
were accelerated across a known potential difference. The electrons 
tra.nsmi tted by the film were detected by a Faraav collector. The extrapo-
lation of the linear portions of the transmission curves to zero trans-
mission gave practical values of energy, En, for the films which were 
shown to correspond to practical ranges of" electrons in the films. Good 
agreement -vras found with the ranges of electrons in aluminum as given by 
Schonland2 whose thinnest film was 0.25 mg/cm2 in area density.. The present 
author has measured the ranges of electrons in films of area density as low 
as 0. 023 mg/ cm2, which is considerably lower than the area densities reported 
in previous range-energy measurements. 
The theoretical mean ranges as calculated from the average energy-loss 
formula of Bethe3 were in reasonably good agreement with the practical 
ranges measured in this investigation. MOst of the films studied were 
composite films of aluminum and plastic, and range calculations were made 
for the two separate cases of aluminum and plastic. The experimental data 
were quite well bracketed by the two extreme calculations. In principle, 
the mean ranges calculated from theory are different from the experimental 
ranges defined by the extrapolation process. Furthermore, the effect of 
scattering at these energies is such that accurate application of the theory 
is nearly impossible~ Nevertheless, far energies less than 40 Kev, the 
application of Bethe's energy-loss theory to this kind of experiment gives 
1 This report is based on a Ph.D. thesis by Raymond 0. Lane submitted 
December, 1953, at Iowa State College, Ames, Iowa. This work was per-
formed under contract with the Atomic Energy Commission. 
2 B. F. J. Schonland, Proc. Roy~ Soc. (London) 108A, 187 (1925). 
3 H. A. Bethe • . Hruibuch der Physik. Bd. 24. Berlin. Julius Springer. 
p. 273. 1933. 
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much better predictions of experimental r~ges than does the empirical 
range energy relation of Katz and Penfold.4 In addition, the theoretical 
range-energy curve has the same direction of curvature as does a curve 
drawn through the experimental points, . whereas the relation of Katz and 
Penfold has the opposite curvature • 
. -
The present author has found that all of his values of ~ fall 
within 15 per cent of those calculat~d from the relation, Ep ~ 22.2Ro.6, 
where ~ is in Kev and R is in mg/cm • _This relation holds between 1.5 
Kev and 25 Kev. 
Transmission experiments on a 0.012 mg/cm2 collodion film which was 
not coated with aluminum indicated that it was esseptially a conductor 
under the conditions of the experiment. Similar~:measurements on an uncoated 
0.3 mg/ cm2 Formvar film resultec;i in a hysteresis · effe,ct indicating a 
considerable accumulation of charge on the film. 
One of the aluminum-coated Formvar films for wnich · the transmission 
curve had been measured was e~ployed as the r.d. ndow in a G-M counter in 
a thin-lens beta-ray spectrometer. When the transmission curve for the 
window was applied to the beta-ray spectrum of a 0.0002. mg/cm2 source 
of Pm147 on a 0.006 mg/cm2 collodion backing, an over-correction resulted 
in the Fermi plot. Multiple scattering caiculations estimate that most 
of this over-correction may well be accounteq for by the fact that the 
counter and Faraday collector subtend different solid angles of collection. 
The Fermi plot of c14 w~s found to be linear for energies above 40 
Kev • . The thinnest source had an effective thickness of about 1.5 mg/cm2, 
so that. little ~an be said from this investigation concerning the true 
shape of the c14 Fermi ,plot below 40 Kev. 
II. INTRODUCTION 
The penetration of electrons through matter has long been the subject 
of both theoretical and experimental investigations. Because of simplicity, 
the investigation frequently deals with a collimated beam of monoenergetic 
electrons incident normally upon a planar target. Two of the most usefu+ 
measurements connected with such an experiment concern the range or depth 
of penetration of electrons in the target, and the intensity of the trans-
mitted beam as a function of incident energy. One object of this research 
is to determine experimentally range-energy data for thin films. The other 
object is to l!l3asure the transmission of electrons by a thin film and to 
apply the data to beta-ray spectra obtained using the film as the window 
in a G-M counter. ' 
. ~~~~~--~~~~~~~~ 4 L. Katz and A. S. Penfold, Rev. Mod. Phys. 24, 28 (1952). 
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III. PREVIOUS WORK 
A. Ranges of Electrons 
The f undamental theory of the loss of energy by charged particles 
passing through matte r was pioneered by Thomson (1). He concluded that 
the range, or depth, of penetration of an electron in matter was proper~ 
tional to the fourth power of its velocity. Whiddington (2) later 
conducted experiments which approximately verified the fourth-power 
law for the range of electrons in matter. 
Following this, Bohr (3,4) improved upon Thomson's theory notably 
7 
by treating the atomic electrons in the matter as oscillators, and by 
allowi ng for the effect of relativistic velocities for the incident parti-
cle. Schonland (5)2measured the ·ranges of electrons in aluminum foils as 
thin as 0.250 mg/cm and obtained good agreement with the values predicted 
by Bohr's theory. 
More recently, Bet he (6,7,8,9) and ~ller (10) have made quantum-
mechanical calculations for the energy loss by charged particles with 
relativistic velocities passing through matter. Bloch (11) has shown that 
Bethe 1 s expresSion goes over to Bohr 1 s classical result for low velocities. 
For electrons with nonrelativistic velocities, Bethe( 6) gives the .,following 
expression for the average energy loss per unit path length: 
where: 
~j [ fr}i 4' . 4 2 
__ dxdE = 1n mv . ~ : , ergs/em) 
mv 2! '·. 
N = number of electrons per cm3 of matter 
E = charge of the electron 
m = mass of the electron 
v • velocity of incident electron 
e -. 2. 718 ••••• ! ~:, average excitation energy of the atoms of the matter. 
For relativi'stic velocities, Bethe (6) gives 
_dE = 27TNE.4 
dx mv2 [ 
· T 2 
· ln · mv 
- 2I2 (~-jS 2) 
' 
' ... 
(1) 
(2) 
.• 
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where T = relativistic kinetic energy of the incident electron and 
~ • v/c. 
Ranges of electrons may then be obtained from: 
0 
R = dE 
·- dE 
dx 
where E is the incident energy of yhe electron, and £ is the energy at 
which tRe lagarithm in Equation 1 becomes negative. Contributions to 
the integral for E <& can be shown to be negligible for the cases under 
consideration. 
The most .recent empirical range-energy relation is that of Katz and 
Penfold (12), i.e., 
(3) 
R = 412El.265 - 0.094 lnE ·. (4) 
· where R is in mg/cm2 and E is in Mev. The fit was made for energies between 
10 Kev and 2.5 Mev. However, for energies below 40 Kev, Katz (13) has 
agreed with the present author that the above relation does not fit the 
experimental data as well as ·was indicated in the publication (12). 
Because of the lack of · data in the low-energy region, it has been 
difficult to compare theory with experiment or to make empirical fits in 
this region. : It is the purpose of the range-energy portion of this · 
investigation to contribute experimental data in the low-energy region 
with which theoretical results and empirical fits may be compared. 
B. Transmission of Electrons 
The theoretical derivation of the expression for the transmission of 
electrons vs. incident energy is complicated by the effect of scattering to 
which electrons are so susceptible because of the fact that they are charged 
and have a small mass. Because of this scattering, simply integrating the 
energy-loss equation does not represent the true situation. ScatteriBg 
varies from single to multiple, and the angle of scattering varies from 
small to wide angles. Thus the interplay of scattering and energy loss 
provides a serious obstacle to the calculation of the shape of the trans-
mission curve. Frequently for higher energies, the transmission is given 
·.; 
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an exponential dependence on thickness with the coefficient in the exponent 
having energy dependence. However, this is known to be only a rough approxi-
mation. 
. Chang, Cook and Primakoff (14) have recently shqwn that by assuming the 
total transmission to be the product of an elastic scattering factor and 
an inelastic or energy-loss factor, a theoretical calculation can be made 
which gives quite good agreement with experiment for aluminum £oils of 
the order of 7-10 mg/cm2. · 
Transmission e:x:Periments have yielded som~what differing results de-
pending largely upon the method and geometry used by each investigator. 
Ference and Stephenson (15),, using a disc which rotated the film in and out 
of a mono-energetic beam of elect:gns, rne·asured the transmission of 
collodion films of lo-3 to 7 x 10 em thickness. The detector was a 
Faraday collector, and the solid angle of collection of the emergent beam 
was rather small, as evidenced by the levelling-off of their transmission 
curves at considerably less than 100 per cent. Heller, Sturcken and Weber 
(16), using a scintillation det:ector in a similar experiment obtained 
transmission curves of thin films of Nylon and Formvar from 0.010-0.22 
mg/cm2. Their data were restricted to the energy range of 16-32 Kev, con~ 
·sisted of 5 points per curve, and levelled off in most cases at consider-
ably less than 100 per cent due to .small solid angle of collection. Owen 
and Cook (17) in an experiment somewhat similar to the two above obtained 
an hyste~esis effect in the transmission curve of a thin Zapon film. The 
hysteresis was attributed to the accumulation of charge in the film. 
The hysteresis was removed by placing the film( on a conducting grid, but 
the resultant transmission curve was quite ragged. Agnew (18) and Butt 
(19) used acceler-ation of the electrons at the counter of a beta-ray spec-
trometer to overcome some ·of the window absorption. In this way they were 
able to measure the upper portion of the transmission curve of the film 
used as the window of the G-M counter. Acceleration of the beta-rays at 
the source of a beta-ray spectrometer has been used by Schneider, et al., 
(20), and Chang and Cook (21) to obtain window transmission curves-.---
Martin _and Townsend (22); Haggstrom (23), and Feather, et al. (24) have 
place~ successive thicknesses of absorber in front of the counter window at 
a giv~n energy and extrapolated to zero thickness to get the tra~smission · 
of th~ window at that energy. Assuming the beta-spectrum of Pml47 to give 
a linear Fermi plot, Wagner, Freedman, and Engelkemeir (25) deduced from 
this the window transmission of their counter. Saxon (26) has also deduced 
transmission curves on a somewhat similar basis. 
· .... IV. THE INVESTIGATION 
A. Method 
A method similar to that of Ference and Stephenson (15) was chosen 
for measuring the transmission of the films. This method makes use of the 
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Faraday collector for measuring the emergent beam of electrons, thus 
eliminating any absorption effect in the detector itself. Further, by 
rotating the film first into the beam and then out of the beam, the trans-
mission becomes a ratio which has the advantage of eliminating many of the 
errors by cancellation. 
B. Apparatus 
l. Vacuum system 
The vacuum system consisted chiefly of a cylindrical brass chamber 
about 4 inches high and 13 inches in diameter fastened to one end of a 15 
inch section of 4 inch· diameter Pyrex glass pipe which served as the 
accelerating tube for the electrons. On the other end of the glass pipe 
was fastened a brass end-plate which held the electron gun assembly, and 
which was maintained at a high negative voltage. Inside the brass chamber 
was an aluminum disc ll l/2 inches in diameter. by l/8 inch thick Which was 
rotated from the outside through an 0-Ring seal. The disc contained 16 
film specimens spaced in a circle. The electrons produced in the gun wer~ 
accelerated down the tube and through a hole in the brass chamber, where 
they imp,inged on the film being measured. The electrons passing through 
the film ' were then detected by a Faraday collector, C, as shown in Figure 
l. The pumping system consisted of a 1405-V'·:Dub-Seal fore pump followed 
by a MC-275 diffusion pump connected to the accelerating tubb by a 4 inch 
diamete.r brass tube. The operating pressure was 10-20 x 10- mm Hg, as 
read on a National Research 507 ionization .gauge. · · · 
\. 
2. Electron gun 
Figure 2 · shows a scale drawi ng of the gun assembly together vli th the 
associated emission regulating circuit which is based on that of Winn and 
Nier (27). · In actual operation the voltage S¥.Pplied by the filament 
tran-sformer was adjusted so . that the wet cell, B, was delivering about 0.2 
amperes at about 2.1 volts. The voltage between the filament and the plate 
could be varied from 5 to 90 volts, but stable operation occurred in the 
vicinity of 20 volts and corresponded to an ~ of about 5 megohms. Even 
though the filament transformer was fed from a 11 Stabiline" voltage regu-
lator, the beam stability without the wet cell was very poor with rapid 
variations of 10-20 per cent regardless of the value of Rn. With the wet 
cell in operation, rapid beam intensity variations were u~ually not greater 
than l/2 per cent with occasional ones of 1 per cent or so. For operation, 
Rn was adjusted-until the beam was of satisfactory stability and convenient 
intensity. The use of a twin filament doubled the effective filament life. 
Total filament current was about 2 amperes. Filament emission was between 
10 and 100 microamperes. Actual current sent down the accelerating tube 
was of the order of lo-9 and lo-7 a$eres~ 
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Fig. 1--Transmission measurement experiment. Shown are: A, collimating electrodes; 
D, disc; F, film; G, guard ring and grid; and C, collector. 
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3. Accelerating voltage supply 
Because of simplicity,. reliability, economy and availability of parts, 
a "brute-force" type of half-wave 6o cycle voltage supply was constructed. 
Figure 3 shows the circuit of. the voltage supply together with the circuit 
of the voltmeter. 
The transformer is a surplus Army field-type X-ray transformer (Picker) 
with 4 coils of 1/4 inch cqpper tubing soldered on the outside for cooling. · 
The filtering is done by the four' 1 mfd Pyranol GE capacitors in series. 
The four 30 megohm MV 'type IRC resistors across the capacitors serve to 
divide the voltage evenly between the capacitors and also serve as a bleeder 
load for ~~e supply . The 1.25 megohm resistor, ~' has a 100 Kv rating and 
thus serves as a limiting resistor protecting botff personnel and equipment. 
Calculated ripple from the 60 cycle source is less than 0.1 per cent under 
operat i ng conditions. 
4. Vol tm~.ter 
The circuit for the voltmeter is shown in Figure 3. For accurate 
voltage measurements a stable, a corona-free multiplying resistor must be 
used having a resistance which causes a minimum of power dissipation in 
the multiplier. Toward this ·end a string of' thirty 3'0 megohm, 5 watt 
Nobleley resistors were embedded in a 6 inch x 1 1/2 inch x 24 inch block -, 
of Castoli te plastic. The casting was done in vacuum to eli min ate trapped 
air a long the surface of the resistors. Casting was performed in a two-layer 
process, allowing the first layer time to polymerize enough to support the 
resistors as the second layer was poured over the resistors. Only enough 
catalyzing agent was added so .that, without curing, the entire block 1-vas 
quite hard after about a week or so. Actually the block was allowed to 
polymerize at room temperature for two months before any measurements were 
ma de 1vith. it. The resistance was measured from time tot ime on a Spinlab 
High Megohm Bridge to an accuracy of 1 pe'r cent. All the volitage measure-
ments we'ire na.de after the resistor had aged two years, at which time it 
was constantly ·· dropping in resistance at the rate of 1 per cent per month 
over a period of 4 months. Whether or not .this was' due to aging of the 
plastic ~s not known. 
The current through the multiplier · wa~ measured by a Weston 622 micro-
ammeter having an accuracy of better than 1/2 per cent of full scale at any 
point on the scale. The internal res~stance of the meter ranged from about 
5oob. ohms to 18,000 ohms, and was . shunted by a 100,000 ohm wire wound re-
sistor with a 0.1 per cent accuracy. .To protect the delicate 622 micro-
armneter, an electro-mechanical device ,was designed to short out the meter · ' · 
upon a given amount of overload. Test voltages as high as 300 volts were 
applied directly to the meter terminals with the result that the needle fell 
gently to zero, indicating excellent performance of the protecting circuit. 
110 11~ r= - - ---, K 
VOLTS• I ~~~~ 
220 rn11~ I l VOLTS I STABllJNE I I 
-
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RHc 
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rS·lRr ~~~i~~ 
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Fig. 3--Circuits of accelerating voltage supply and voltmeter. Shown are: T, X-ray transformer; 
K, kenotron; R, 30 megohms each; C, 1 mfd each; RL, 1 1/4 megohms (100 Kv); Rm, plastic-embedded 
multiplying resistor; M, Weston 622 microammeter; and Rs, 100,000 ohms (0.1 per cent). 
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S. D-C amplifier 
The c~rrent measu+ing device was a d-e amplifier based on Anker's (28~ 
circuit, but using a modified power supply to give increased stability. 
Under the conditions used in ~he investigation the amplifier was operated< 
at a current gain of about 10 , although another factor of 102 was possible. 
The beam current was usually about lo-10 amperes. The Faraday collector 
was supported on quartz insulators, and the electrical lead to the input 
of the amplifier was brought through the wall of the vacuum chamber via a 
quartz graded seal. Leads to the input tube were spot welded to its pins, 
eliminating any leakage resistance which might result if a tube socket were 
used. After about a two-hour warm-up, the drift and fluctuations in the 
zero point ivere less than l/2 per cent for a period of hours at a time. 
Use of complete feedback insured good linearity of response over wide ranges 
of currents. 
C. Films and Their Preparation 
In order to .get a wide range of films it was convenient to use Formvar 
as the plastic f or the thicker ones and collodion as the plastic for the 
thinner films. The Formvar films were made by dipping glass plates into 
solutions of Formvar in ethylene chloride. After drying, the films were 
floated of f the plates under water. Using Forrnvar concentrations of l/2 
per cent and 2 per cent by weight, films of 0.07-0.7 mg/cm2 •~ere easily 
obtained by successive clippings. The area densities were determined by 
weighing the films on a semi-microbalance. The collodion films were made 
by the usual drop-on-water technique. The col~odion was of the flexible . 
t ype. This was diluted <nth n-anzyl acetate to vq.rious concentrations. One 
or two drops of these solutions on distilled water usually spread to a 
diameter of 10-lS em. On drying, double-layers were picked up from the 
surface by bringing a wire loop up through the water to the film from 
beneath, keeping the plane of the loop normal to the surface. Using col-
lodion c~ncentrations_o~ 10-~0 per cent, ~ouble~laye~ films w~re easily 
made havlng area densl tles m. 6-100 )Ji!,/ C)n • · Uhlformlty of thlckness of a. 
· given f ilm was checked by the variation in color of reflected light for 
t he films of about 12-100 f'i!,/cm2. The thinnest ones and the ones thicker 
than about 100 p.g/cm2 sho>ved no visible color of reflection. During the 
transmission experiment the l/4 inch diamet~r beam was swept across the 
films to test the unif ormity under operating conditions. Most of the fil~ 
varied less than 3 per cent in transmission at about S0-80 per cent trans-
miss i on, with two as high as 8 per cent variation. 
All the fi l ms but two vJere given a conducting coating of aluminum to 
prevent charging of the film from absorbed electrons. As will be seen later, 
this conducting coating served other useful purposes as well. The films of 
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plastic Here placed on l l/1~ inch aluminum rings using Krylon as the ad-
hesive. A selection of various thickness films was then ·placed in the 
large bell-jar of an RCA evaporator unit and was given a conducting coat-
ing of aluminum. The tungsten filament carrying ~he aluminum was spaced 
abou~ one. foot from the films. 2Films of l2pg/cm and hea:ier took the 
coatlng nlcely, but the 6~/cm · ones broke r~peatedly. Flgure 4 shows 
the estimated amount of aluminum added as a function of the per cent 
transmission of white light. The measurement of light transmission ' was 
made at the same position on the film that the beam occupied in the elec-
tron transmission measurement. The light beam was also swept across the 
film and the variation in light transmission is shown in Figure 4. The 
transmission in general changed gradually across the film, probably caused 
by the extended nature of the filament and the fact that the films were 
not exactly normal to the line from them to the fiiament. As measured with 
an ohmmeter, the resistance betvJeen points l/2 inch apart on the films 
was between 5000 and 150,000 ohms. 
All being considered, the films and the aluminum coatings were quite 
uniform with the possible exception of pin-holes or other variations too 
small to be seen by the naked eye. The atomic number, Z, for aluminum is 
13; whereas the average Z for collodion is about 5.2, and for Formvar, 
about 4.2. The effect of Z upon the scattering and stopping of electrons 
will be discussed later. 
D. Critique of Beam Measurement 
l. Secondary electrons from the films 
When an electron penetrates through a G-M counter VJindow, there is 
always the possibility of its producing one or more secondary electrons in 
the film Which have sufficient energy to reach the outside of the film 
along with the primary electron. In the . case of the G-M counter, one or 
more electrons penetrating the window within the dead-time of the counter 
still produce only one count. However, the Faraday collector counts both 
primaries and secondaries. Thus, in order to apply to counter windows the 
transmission curves measured with a Faraday collector, it is necessary to 
account for the relative effects of secondaries. 
In an attempt to do this, an experiment was designed, as shown in 
Figure 5. A negative voltage, RV, is applied to the retarding electrode 
so that only those electrons having energy greater than RV can pass through 
the hole in the retarding ele'ctrode, and on into the Faraday collector, C. 
The co.llector is held at a potential of ... 90 volts with respectto ground so 
as to prevent the escape of secondary el~ctrons produced inside C. Results 
of the variation of collector current with RV are shown in Figure 6 for 4 
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Fig. 6--Integral curve showing N, the relative number of 
secondaries having energy greater than RV, as a function of 
RV. Curves A, B, c, and D correspond to electrons incident 
on the 0.3 mg/cm2 film with energies of 12, 13, 20, and 28 
Kev respectively. Curve E was obtained with no film in the 
beam for energies of 12, 20, and 42 Kev. 
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different energies of electrons incident on a 0.3 mg/cm2 aluminum-coated 
Formvar film. Since the transmission is higher for the higher energies, 
the curves were normalized at an RV of 1000 volts. These curves are inte~ 
gral curves; i.e., the ordinates represent the sums of all electrons with 
energies greater than the correspcmding RV~ Thus, as flat portion of the 
integral curve corresponds to a portion of the differential curve in which 
there are no electrons, and sloping regions of the integral curve correspond 
to regions of the differential curve which contain electrons. Both theory 
(3,31,32) and experiment (29,30,32) have shown that the energy distribution 
of electrons after passing through thin films is made up of a peak at an 
energy somewhat less than the incident energy, folldwed by a monotonic 
decreasing tail for decreasing energy in the emergent spectrum. This dis-
tribution pertains to the primaries which hav.e lost energy and does not 
deal with the very low-energy secondary electrons having energies of a few 
hundred volts at most. These secondaries have been studied extensively 
(33,34,35,36) in the case of back-scattering from semi-infinite targets, but 
little if any work has been published on secondaries produced on the forward 
side of thin targets. However, it is expected that they will behave some-
vlhat similarly to those in the back-scattering case. 
In Figure 6, curves A and B drop off at the higher values of RV corres-
ponding to the tails of the differential curves. As is expected, for curves 
C and D, the energies of the incident electrons are so high that the tails 
vanish at higher values of RV than were available in this experiment. 
For all four curves there is ·a flat region of considerable length in which 
there are no electrons in the differential curve. For low RV the integral 
curves of Figure 6 show increases above the flat portion by as much as 4 
per cent. This increase may reasonably be interpreted as due to secondary 
electrons from the films since it is of the approximate energy and amount 
expected. Curve E of Figure 6 shows the variation of collector current 
with RV for the case of no film in the beam. From this it is -seeri that the 
variation of RV has no appreciable effect on collector current readings for 
direct-beam energies as low 12 Kev. Hence, the increases of collector 
current shown for the other curves must be due entirely to the presence of 
the film in the beam. More specifically, the increases must be caused 
by secondaries from the film. 
Now, the existence of a flat portion in the integral curve demonstrates 
a distinct separation between the low-energy secondaries and the main group 
of primary electrons which have penetrated the film. If a potential bar-
rier of 1000 volts were placed after the film, then the secondaries would 
be turned back to the film, allowing the collector to count the same events 
as are counted in the G-M counter~ While this experiment was carried out 
only for electrons emanating from -the film in the forward direction, it is 
expected that at wide angles the effect of RV would be essentially the same. 
This is based upon the reasoning that a secondary electron traveling obliquely 
·-·· 
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would have added material to penetrate before reaching the surface, and 
hence would probably have less energy than if it traveled normal to the 
surface .• 
2. Secondar1 electrons from the grid and collector 
21 
On the pasis of the above experiment, the beam-c;ollecting arrangement 
was designed as shown in F~gure l. An arrangement like this i.s suitable for . 
both range-energy mea~rements and transmission curve measurements. G was 
designed as a hemispherical grid with uniform open-area. The scattered 
beam which emerges more or less radially from the 1/4 inch di~1eter beam-
spot on the film then 11 sees" uniform open-area in all directions. The 
open-area of G was measured with a Densichron using a sampling aperture of 
1/4 inch diameter, the same as that of the electron beam. In the region 
of the center, the transmission varied from 50 per cent to 48 per cent, 
maximum to minimum, with 49 per cent as an aver~e. On surveying the outer 
parts of the grid near its perifory, t4e same variations were observed. · 
Thus, for any given alignment of th~ collimatin~ apertures and the grid, 
the open-area as seen by the direct beam coming straight through (no film 
in the beam) is within 2 per cent 1.0f' the average. The transmitted beam, 
however, is scattered at appreciabJ..e angles and passes through a larger 
area of grid, thus seeing an open-area clos~r to ~he average. From this, 
and neglecting secondaries from G and C, the ratio of collector current 
with the film in the beam to that with the film out of the beam should be · .. 
within 2 per cent of the actual transmission, T, of the . film. It is this 
ratio that is measured and taken!.to be the transmission of the film. 
From the work of Bruining (34), and Trump and Van de Graff (36) it was 
folli~d that carbon has one of the lowest secondary coefficients. Further-
more, Bruining (34) shows that when the carbon is deposited in a rough 
porous layer, such as soot from a flame, the secondaries are reduced even 
further. Hence, the surfaces of G and C, from which secondaries might arise 
to produce errors, were coated uniformly with carbon in a sooty flame of 
illuminating gas. In obtaining tne transmission curve of a film to be used 
as a counter window, RV was set at ~1100 volts to pr~vent the escape of 
low-energy secondaries from the filrp." into C. Houever, with . 50 per cent 
open-area in the grid, half the transmitted beam struck the carbon-coated 
grid. While the secondary coefficient,f, for carbon is low, an appreciable 
number of secondaries are stt~ .. produced at G. Furthermore, the trans-
mitted beam which passes through the open area of G and impinges on C also 
produces an appreciable number of secondaries at C. Seconda ries from each 
of these will cause errors in the measurement of T if they are not accounted 
for. Fortunately, RV also acts to prevent the secondaries produced at G 
from reaching C. 
Experiments (34,36) have shown that for the energies used here over 90 
·. per cent of the secondaries from carbon have energies less than about 20 ev 
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and v-.ould be prevented from reaching C fro m G because of the relatively 
strong field produced near G by the proximity of the 1100 volts on the 
film. The fast secondaries from carbon have ._ v·•·"'·-which varies very slowly 
with energy and has a value of less than o.o2;~tf>~r ·the range of energies -
considered in th:Ls investigation. Now, the dire~ct beam with no film present 
is essentially nonenergetid, whereas the transmitted beam is made up of a 
distribution of energies caused by energy-loss processes in the film. 
Thus appreciable energy dependence for 'fast secondaries would give rise to 
appreciable differences in the amounts of fast seconaaries produced in the 
two cases. The fact that the fast secondar~es are few and depend very 
little on energy means that they practically cancel out in the ratio~ T, 
by being added to the numerator in proportion to the numerator, and added 
to the denominator in proportion to the denominator.Similarly, by setting 
Vg at -90 volts, the slow secondaries from C will be t ·urned back to C. 
Fast secondaries produced there would be cancelled out in the ratio as above. 
Thus, under the above conditions the ratio of collector currents with and 
without the film in the beam. should be within 2 per cent of the transmission · 
of the film as seen by a G-M counter. This discussion is chiefly pertinent 
to the thicker films which are intended for use as counter windows. In 
particular, it was the 0.3 rng/cm2 aluminum-coated Formvar film which was 
examined for secondaries and was later used as a counter :window. 
In obtaining transmission curves for use in determining range-energy 
points, films were used with area densities as. low as 0.024 mg/cm2, with 
cutoff energies of only a few Kev. For these thin films the application 
of an RV of +1100 volts would probably remove from collection a considerable 
portion of the tail of the energy distribution of the. transmitted beam in 
addition to removing any secondaries emitted from the film. In view of 
this, transmission curves of the films were also obtained using an RV of 
zero in order to get a comparison with the case of an RV of +1100 volts. 
With RV set at zero, V g was left at -90 volts in order to ret. urn to C, 
slow secondar~es produced there. As before, the fast secondaries from C 
will cancel iri the ratio. The fast secondaries from G will behave as before 
because of their high energy and small number, and therefore will be can-
celled in the ratio. With RV set at zero, some of the slow secondaries 
produced at G have a reasonable possibility of esc~ping into C. Now, the 
grid was made up of 20-mesh stainless steel screen WHose wires, after being 
coated with carbon, were 18 mils in diameter. From past work (35~ it is 
-reasonable to assume a cosine distribution in angles for the slow seconda-
ries produced at G. Considering the orientation of expo.sed surfaces of 
the wires ·together with the proximity of other wires, the secondaries from 
G could cause a contribution to the current in C of not more than 5-8 per 
cent. From the past work (34,36) on secondaries 'from carbon, S is 0.45 
for primaries of l Kev, and 0.15 for primaries of 30 Kev, giving a change 
in 5 of 0.1 per · lo Kev. Now, even assuming extreme cases of straggling 
in the energy distribution of the transmitted beam, so that the transmitted 
beam has a considerably different effective ~ than the direct beam, the 
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error so introduced in the ratio is not over 1.0 per cent. Thus the use 
of an RV of zero for the range·..:energy data, particularly for the thinner 
films, should give a transmission measurement within 3 per cent of the 
actual transmission which includes all secondaries of energy greater than 
vs. 
A series of tests was made during the transmission measurements to see 
if changing Vg andRVproducedthe e:JCPected results. With Vg:_ set at-:-90 , volt~, 
the collector currents with Rv equat ' to zero and Rv equal to +1100 volts 
were measured a t energies from 0.5 Kev to 40 Kev with no fi.lm in the beam. 
Increasing RV from zero to ,.110.0 volts decreased the collector current by 
l per cen-t;. at 40 Kev increasing' to 4 per cent at 0. 5 Kev, indicating that 
' secon~aries from G were getting ipto C. These changes are approximately 
those expected on the basis ·of estimates of secondaries produced at G. 
~ 
. With RV set at valu.es between zero and tllOO volts, V was varied from 
zero to -150 volts . Changing Vg from zero t~ -30 volts prSduced a change 
in collector current of 10-15%, with no further change as Vg was increased 
up to -1,?0 volts. This indicates that Vg is returning to C secondaries 
produced there. The results again w·ere approximately those expected from 
estimates of secondaries produceq at C. 
-E. Results of Measurements on Conducting Films 
Transmission curves were obtained for 13 aluminum-coated plastic films, 
l alu~num foil, and 2' plastic films. Of the aluminum-coated plastic films, 
2 were actual G-M counter windows. The results of these: and of the 2 plas-
tic films are discussed later. The ll aluminum-coated plastic films and 
l aluminum foil were mounted on l 1/4 diameter aluminum rings and were 
studied more or less as a group. FigUreS 7 through 18 show the transmission 
curves obtained for these films, and Table I summarizes their properties. 
Since Vg is set at - 90 volts for all these measurements, the difference 
between the two curves shown for each film corresponds to the amount of 
secondaries from the film and degraded primaries, both having energies 
between 90 ev and 1190 ev. Going toward thi nner films the difference in-
creases as is expected, since lowering the cutoff energy lowers the entire 
energy spectrum of emergent electrons. This, of course, allows more of the 
low-energy tail of the spectrum to be removed from the collector _current 
by the retarding potential, RV. 
The general shapes of the curves are fundamentally the same in all cases. 
As .the theory of energy loss predicts, the observed transmission curves 
exhibit a gradual ' slope· with a large tail near cutoff for the thicker films, 
and a steep slope with a small tail near cutoff for the thinner films. The 
fact that the curves level off at 98 per cent for the 0.1 mg/cm2 film and 
99-99.5 per cent for the 0.025 nig/cm2 film is probably caused by the · · · ~ 
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Table I 
Properties of CondUcting Films 
Film Ave. area Materialb Optical Ep(Kev)C 
No. densit2a. · trans. 
(mg/cm ) (per cent) RV=O RVallOO 
1 1.5'7 Al 0 27.3 27.3 
2 0.63 F-Al 15' 15'.4 
3 0.39 II. 6 12.7 13.0 
4 0.10 II 7 6.3 6.3 
5' 0.091 If 1.5' ~s 5'.6 
6 0.082 C-Al 12.8 5.3 5.4 
7 0.068 If 16.5' 4.7 ·4.8 
8 0.039 
" 
36 3.2 3.3 
9 0.032 II 39.5 2.6 2.8 
10 0.024 
" 
38 2.3 2.5 
11 0.023 II 25 2.3 2.4 
12 0.024 II 36 2.2 2. 4 
aAccuracy of measurement ranged from 1 per cent for the thickest film to 
• l5 per cent for the thinnest film. 
bAl indicates aluminum; F-Al, aluminum-coated Formvar; and C-Al, aluminum-
coated collodion. ' 
cE,.., is the "practical energy" of the films and the accuracy of ' measurement 
rtnged from 0.5 per cent for the thickest film to 3 per cent for the 
~ thickest film. 
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scattering at angles greater than the 10 degrees subtended by the Faraday 
collectoro Further, scattering at angles over 70 degrees would be expected 
to be greater for thicker films si mply from presence of more scattering 
centers. These data were all taken for one aLignment of collimating aper-
. tures and grid. Now, if the direct beam were passing through a portion of 
the grid appreciably different in open-area from the average, it should 
affect all curves alike; i.e., those that level off for any sig~ficant 
energy interval should all do so at the same per cent of transmission. 
Thus the alignment is probably such that the direct beam sees an open-area 
very close to the average of the whole grid. 
To check the uniformity of the films ·~ . sampled by the 1/4 inch diameter 
electron beam, the disc containing the 'f,:i:J,ms was rotated so that the beam 
swept across the diameter of each film, measuring the varia~ion in trans-
mission as it went. The average variation was less than 2 per cent, maxi-
mum to minimum, at energies corresponding to 50-70 per cent transmission. 
These energies were chosen so that a change in thickness would produce the 
largest deflection in the collector current. Because of the possibility 
of the accumulation of charge· in the plastic causing anomalous results, 
each curve was measured using both increasing energies and decreasing ener-
gies. In fact, the points on a curve were repeatable from hour to hour, 
day to day , a nd week to week within 0.75 per cent of full transmission at 
any point on the curve. Usually the repeatability was less than 0.5 per 
cent of full transmission. The lack of any observable charging effects 
while the f ilms were in the beam for periods of 30 minutes ur more was 
taken a s an indication of reasonable conductivity for the film. 
F. Range-Energy Points 
Range-energy points are usually determined using a fixed energy and 
va~ing the thickness, t, of the absorber between the source and detector. 
The resultant plot of transmission a gainst t, in mg/cm2, possesses a long 
linear section wh ich is extrapolated to zero transmission, giving the prac-
tical range, ~· This is a consistent range used for comparing the results 
of independent investigators. Schonland (5) has shown that by varying the 
momentum of electrons incident on a !ixed thickness of film, the plot of 
true absorption a gainst l/(momentum)4 gave a linear portion which could be . 
extrapolated to complete absorption to give what may be termed the "'prac-
tical energy", E,..,, of that film. · The values so measured fell on the same 
curve as those obtained by the usual method of varying t. 
In the present investigation, the transmission, T, 
the incident energy, E in Kev. As is; s:eeri fnw Figures 
transmission curves p:Ys:>ess a long linear portion which 
zero transmission to give .therpractical energy, Ep· 
is plotted against 
7 through 18, these 
is extrapolated to 
I 
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In view of the fact that both ~ and ~ are obtained by the extrapo-
lation of a long linear portion of a curve, it is expected that ~ and En 
should nearly correspond. The fact that both of Schonland 1s methods gav~ 
the same results indicates that R,.._ and En should correspond as long as the 
methods involved are consistent wrth eacff other. 
The values of En obtained f17om Figures '7 through 18 are listed in Table 
I. The values for the case of RV equal to zero are plotted against area 
density in Figure 19 to form a range-energy plot. Also shown for comparison 
are Schonland 1 s (5) results for aluminum. The agreement of the values of 
Ep from this investigation with the data of Schonland is seen to be quite 
good. However, in order to d.emonstrate that Ep and Rp for this investigation 
do indeed correspond, cross-plots of the curves of Figures 7 through 18 were 
made for the case of RV equal to zero. That is, for a fixed incident energy 
the transmission was read from ~ach curve and plotted to form a curve of 
transmission versus t, in mg/cm • In figures 20 and 21 are showA these cross-
plots for the case where Rf equals zero. Table II shows the values of Rp 
obtained by extrapolating the linear portion of'. th~ ·cross-plots into the• 
t-axis. Shown in Figure 19, these values of Rp fall practically on .. the 
Table II 
Range-Energy Points from Cross-Plots of Transmission Curves 
Variables Values 
Energy, Kev 3.5 4.0 5.0 6.0 7.0 15 17 20 
Hp, mg/cm2 0.046 0.052 0.071 0.089 0.12 0.50, o. 68 1.105 
same curve as those of ~· Cross-plots for the case of RV equal to ~1100 
volts yielded values of Rp which differed from those for RV equal to _zero 
by approximately the same amount as the Ep's differed for the same two 
uses. The main purpose of the cross-plots is to establish the corres-
pondence between Rn and ~· In the case of the thin films, an RV of +1100 
volts cuts off an 5ppreciable number of primary electrons. Thus, for range-
energy data, the Rp's for the case of RV equal to zero were plotted in 
Figure 19. Because of the limited number of films used, only for a few 
energies do many points lie on the linear portion of the cross-plots. 
While the results of the cross-plots are obviously subject to larger errors 
than the original transmission curves, they do show that Ep and Rp essen-
tially correspond. ' 
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G. Analysis of Range-Energy Results 
As is seen from Table I, the values of En do not dif fer significantly 
for different settings of RV until the film tfiickness is less than about 
0.035 mg/cm2• This is considered as being due to the removal of an appre-
ciable portion of the t ail of the primary spectrum for the case of RV equal 
to +1100 volts. An RV of tllOO volts represents from l/3 to l/2 of Ep 
for films of less than 0.035 mg/cm2. Other experiments (29,30) have shown 
that a significant portion of the tail of the energy distribution of the 
primary electrons extends to as low as l/3 to l/2 of the incident energy 
for energies appreciably above cut off. Similar results are obtained in 
this investigation. In Figure 6, the f act that the value of N for curves 
A and B drops as RV is increased f rom 3 to 4 kilovolts means that there is 
a significant portion of the tail of t he primaries with energies less than 
4 Kev. Since this occurred for incident primary energies of about 12-13 
Kev, the tail of the primary distribution in this case thus extends down 
to a bout l/3 of the incident energy at an energy some 3-4 Kev above cut off. 
Curve A of Figure 19 is a plot of the empirical range-energy relation 
of Katz and Penfold. All the experimental points lie below curve A. Now, 
the experimental points form a curve which has a slight amount of curvature, 
but in the opposite direction. Thus the empi rical relation of Katz and 
Penfold does not fit these experimental data very well. 
In an attempt to determine the ranges theoretically, Bethe's nonrela-
tivistic formula, Equation 1, was substituted in Equation 3 to obtain a 
range-energy relation . Since Equation l is the average energy loss, the 
resulting range is a mean range. The relativistic f ormula was used to cal-
culate the range f or v/c = 0.3, the maximum velocity used in t his investi-
gation. The relativi stic correction was found to be negligi ble. A plot of 
the reciprocal of dE/dx a gainst E was made and the integration performed 
graphically with a planimeter. 
The right s ide of Equation l change s si. gn at energies of 100 ev or so 
in these calcul ations. This means tha t the incident electron would be 
gaining energy instead of losing it. In view of this physica l consideratir.0n, 
the plot of 1/(dE/dx) was stopped a t the energy where it changed sign. 
· Any error which might be introduced this way was indeed negligible. Also, 
this eliminated the necessity of accounting for the behavior of -(dE/dx) 
in the neighborhood of ,E• 0. 
Most of t he films measured were pla stics coated with aluminum, and 
therefore had an average a tomic number, Z, somewhere between that of 
aluminum and that of the plastic. The actual film has some · average 
excitation potential, I, which must be an average over t he atoms. of differ- · 
ent atomic number as well as an average over the various excitation poten-
tials within a given a tom. Since for these films, the relative proportions , 
) ' 
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of aluminum and plastic are not known accurately, two limiting cases were 
taken for calculation. The first· o~ these assumed the films to be pure 
aluminum, and the second assumed the films to be pure plastic. 
A widely accepted value (37) of I for aluminum is 150 ev, and this was 
used in the range calculation for ,aluminum. The number of electrons per 
cm3 for an element of atomic nu~er Z may be expressed as 
where Dis the density in g/c~, n is Avogadro's number and A is the 
atomic weight. Substituting this in Equation 1, and expressing the rate of 
energy loss in Kev per (mg/cm2), one obtains 
dE 
dx = 
z 1 . 2 0.307 ({) p . (ln (51·~1)9 ) + 3.66) (6) 
where for aluminum, Z = 13 and A :a 2.7. The range-energy curve for aluminum 
is then obtained by substituting the above relation into Equation 3 and 
integrating between the limits of 'the incident energy and zero energy. Curve 
B of Figure 19 shows the resulting range-energy curve for aluminum. 
The relative amounts of carbon, hydrogen, oxygen and nitrogen present 
in the plastics used are not known accurately. C6H12o2 was taken as a 
probable formula for Formvar. Collodion is known to consist chiefly of 
cellulose dinitrate, C6Il~Oi(No3 )2, together with some cellulose mononitrate 
and some cellulose tritlitr~te. For these plastics, the effective value of 
'Z/ A together with the e'ffe ctive value of I must be determined before the 
integration of Equation 3 may be carried out. Since Z/A represents the 
number of electrons per amu (atomic mass unit), the effective Z/A for a mole-
cule is the total number of electrons in the molecule divided by the total 
number of amu in the molecule. This effective Z/A will be dehot(~;b! tz7A}. 
Taking C6HsQ.9N2 as the formula for collodion, the corresponding · A is 
o.S2. The I for carbon has been given (37) as 60 ev, and that for hydrogen 
as 14.9 ev. I varies approximately· as Z in this region, so that I for 
oxygen and nitrogen were found by interpolation to be 80 ev and 70 ev, 
respectively. Weighing the energy loss per atom of some general molecule, 
z1 z2 z3 , according to the Z of the atom and the number of atoms with bl b2 b3 . 
that Z in the molecule, Equation 1 becomes 
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-~ = 0.307 ,;2 
.. [blZl(inE-lnh • ln@ + b2~2(ln)l-lnY2 + ln@ + 
olAl + b2A2 ~ •• • 
. . . 
= O.J07 <il ;2 [ lnE - lnYerr + 1nif J 
where 1n Yeff - ~~~nil+ b2Z2.lni~ + • • • 
blAl . + b2A2 . + •• • 
and E 
blZl+ b2Z2· · ~. • • 
b1A1+ b2.A2. ~ • . •• 
IIIV2. 
= ~, 
, 
(7) 
(8) 
(~) 
(10) 
(11) 
where m is the rest mass of the electron, and v is its velocity. For col-
lodion, Ieff is 66 ev which gives 
Graphical integration of the reciprocal of this versus E gives curve C of 
Figure 19 as the range-energy curve for collodion. 
In the case of Formvar, tz7A) is 0.55 and Yeff is 49 ev, giving, 
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-~ - - O'.l69 liz fn (5l.l f}l + 4. 7~ (13) 
Graphical integration of the reciprocal of this gives curve D of Figure 19 
as the range-energy curve for Formvar. Curve C is applicable to plastic 
films below 0.085 mg/cm2,,and curveD is applicable to the plastic films 
above this. The thinner aluminum-coated collodion films are as much as 50 
per cent aluminum, decreasing in per cent aluminum content as the thickness 
increases. Considering this, it is seen from Figure 19 that the experi-
mental range-energy points for the aluminum-coated collodion films do behave 
as expected, in that they lie closer to curve C the higher their proportion 
of collodion. Since the thicker aluminum-coated Formvar films consist of 
a small proportion of al~num, it is not surprising to find that most of 
these points lie close to curve D. However, it is not clear why the range-
energy points of Schonland for aluminum should lie further from curve B 
than do the aluminum-coated Formvar films used in this investigation. In 
fact the one aluminum film (1.57 , mg/cm2) measured in the present investi-
gation lies ve~ close to Schonland's data. 
As an average, the theoretical electron range in the plast.~c is about 
two-thirds of that in aluminum for a given energy. 
When the target thickness is near the range of the incident electrons, 
these electrons suffer a large amount of multiple scattering. This results 
in increasing the actual length of the traJectory of a given electron in 
the target to a value appreciably aboVe 'the thickness of the target. In fact, 
Slawsky and Crffi1e (38) estimate that all existing energy loss measurements 
of electrons of energy under 9 Mev are so affected by multiple scattering 
that they are of little use in checking energy-loss theory accurately. 
Furthermore, increasing the path length increases the straggling in energies 
of the electrons. A particle would have its maximum range if it penetrated 
strai ght through the material without scattering. It seems most unlikely 
that any significant number of electrons would follow this straight line 
path through the film, particularly at energies near cut off. Therefore, 
probably only a very few electrons far out on the tail of the transmission 
curve could actually travel this straight line path through the film. 
These arguments mean, then, that the maximum range, R , an electron 
could have in a film is greater than Rn. The result of in€egrating Equation 
3, using Bethe 1 s average energy-loss f5rmula, Equation 1, is a mean range 
of the electrons in the film. This mean range is less than the practical 
range, Rp, which is obtained ~ extrapolation of the linear portion of the 
transmission curves. Because of the large amount of scattering suffered by 
the electrons, and because of the consequently large amount of straggling 
46 ISC-439 
in the energies of the electrons, it is difficult if not impossible to 
evaluate the mean range from the experimental data. However, it is defi-
nitely less than the practical range, Rp· Thus, the mean experimental 
ranges would lie to the left of the corresponding experimental points in 
Figure 19. Scattering has the effect o.f lengthening the actual trajectories. 
The extrapolation process by which flP.is obtained quite possibly eliminat~s. 
some or all of the effects of scatter~ng. The net displacement of the exper~­
mental points is unknown because of the uncertainty in the amounts of each 
of these effects. If this net displacement of the experimental data were 
known, theory and experiment could be compared more directly . Bohr (4) 
has given 
dE : 27T'N t 4 dX' · mv2 (14) 
as the most probable energy loss for an electron. w1 is that individual 
energy loss which occurs on the average just once in the distance X over 
which the energy loss is being observed. For w1, one has 
. W:l = (15) 
,:.~, 
,1 , 
X has to be small conpared with the total range foi- accurate use of 
this energy-loss ,equation. · Using this in the int~grand of Equation 3, the 
integration could 'probably be carried out crudely by considering successive 
layers of absorbers until all the energy was lost. However, this was not 
attempted in this investigation. 
The calculation o.f ranges from Equation 3, using Bethe' s average energy-
loss expression was by no means intended to be an exact evaluatioh< of .. the 
ranges of electrons in the films. Not only is the physical situation very 
much confused by straggling and scattering, but also the theory of energy 
loss is rather uncertain in the region of energies used in these measure-
ments. This calculation is made on reasonable grounds and gives ranges 
within 20-50 per cent of the experimentally observed prq.ctical ranges. 
The author has found that all of his values of Ep fall within 15 per 
cent of those calculated from the relation, 
= 22.2 R0•6 , (16) 
• 
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where E is in Kev and R is in mg/cm2. This relation should prove helpful 
to othe~ investigators for estimating electron ranges in thin films. 
H. Plastic Films 
1. Formvar film 
Owen and Cook (17) have reported a hysteresis effect in the trans-
mission curves for thin Japon films. In view of this, two plastic films 
were also studied in this investigation. Both films were 7/16 inch in 
diameter. During the measurements on gach film the pressure in the vacuum 
system was maintained at 10 - 20 x 10- mm Hg. . 
The first plastic film measured was a 0.3 mg/cm2 Formvar film similar 
to the one actually used as a counter window but without the aluminum coating. 
Figure( 22 shows. a typical transmission curve for this film. Beginning at 
10 Kev with RV set at ~1100 volts, data were ·taken first with increasing 
energy up to about 40 ~ev, and then with decreasing energy to 10 Kev, and 
so on, repeating the cycle 3 times. At a time 6 months later, 3 more such 
cycles were obtained under the same condit~ons as before, with the result 
that the curves were more or less the same both times. The upper portion 
of the curVe, in particular, repeated itself very well from cycle to cycle 
as well as over the 6 months period. On the other hand, the points on 
the lower portion for a given energy would vary by as much as 50-100 per 
cent of their value from ~cle to cycle. As shown by the arrows of Figure 
22, the transmission on the lower portion was very unstable, increasing in 
erratic jumps from the bottom of the arrows to the tops of them over a period 
of a few seconds. After reaching the tops of the arrows, the transmission 
continued to fluctuate rapidly in the form of pulses of increasing trans-
mission. However, following each pulse, the transmission always returned 
to the value represented by the top of the arrow, As the energy was increased 
further along the lower portion of the curve the increased transmission 
was accompanied by larger fluctuations in the form of pulses just described. 
Finally in the region of 27-33 Kev a point was reached at which the trans-
mission jumped to the upper portion of the curve as soon as the film was 
rotated into the beam. Once on this portion of the curve, the transmission 
was very stable and the points fell nicely o~the curve for all higher ener-
gies. 
As the energy was decreased from the maximum of about 40 Kev, the 
points continued to fall smoothly o'n the upper portion of the curve down 
to about 16-18 Kev. Here an energy was reached where as soon as the film 
was rotated into the beam the transmission began to fall slowly and steadily 
until it had fallen from about 60-70 per cent to 2-3 per cent in a period . 
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of 5-10 ··seconds. Further reduction in energy re?uced the transmission ·very 
gradually to 4ero at 10 Kev. 
/ After the first series of measurements, the film w~s removed from the 
;~acuum. system and examined for possible changes in appearance, and a black-
, ened area was observed on the film. No such discolorations have ever been 
observed on any other films used in this apparatus. The spot was about 
l/4 . inch long and l/8 inch wide located in the center of the film, where 
the film was exposed to the beam. Since the filament of the electron gun 
has approximately these dimensiori's and the same ot'ientation of length and 
width, it was thought possible that some sort of focusing might have 
caused the spot to be approximately the image of the filament. ~en the 
series of measurements was repeated 6 months later the filament was rotated 
90 degrees in the hope of finding some blackened area also in the rotated 
position if such focusing were occurring. However, no ~ignificant change 
in the appearance of the blackened area was observed. 
Some other films measured previously have shown an indentation in the 
shape of a circular spot of the same diameter as that of the beam. This 
probably occurred from thermal effects of a very intense beam as a result 
of the emission of the electron gun being set too high. In these cases, 
the indentations were quite uniform indicating that the beam, after passing 
through the collimating apertures, was quite uniform in intensity through-
out its cross section. Hence the shape of the blackened area is probably 
not an indication of the beam intensity distribution across the apertures. 
In offeri ng a possible explanation of the apparent memory exhibited 
by this nonconducting Forrnvar film, the fact that a blackening did occur 
is significant. If electrical discharges occurred at the surface of the 
film it is quite possible that some of the organic compound which makes 
up the f i lm would be decomposed into carbon and other elements or compounds. 
The carbon, of course, would account for the . black appearance. In vie¥ of . 
the·very high value of resistivity for Formvar of greater than 5 x lol4 
ohm-em at 50 per cent relative humidity, it is expected that a :thin film 
of this in a vacuum may well accumulate considerable charge from a beam of 
lo-10 amperes. A large accumulation of charge would have associated with 
it a high potential and hence the opportunity of producing electrical di$-
charges either into the residual gas in the chamber or across the surface 
of the film to the metal support. 
On the basis of the above considerations, the anomalous behavior of 
this film might be accounted for by the following explanation. At 10 Kev 
nearly all the electrons are stopped in the film so that the part of the 
film exposed to the beam becomes charged to a high potential. Increasing 
the energy of the beam above this merely charges the film to a higher 
potential, so that nearly all the electrons are prevented from passing 
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through the film. Finally a critical potential on the film is reached where 
an electrical discharge takes place either over the surface of the film or 
into the residual gas around the film. From the nature of b+eakdown poten-
tials it is expected that the critical potential would be a function of pres-
sure, film surface condition, secondary emission from the film, and proximity 
of conductors. Thus as the energy is incre~sed further, more and more dis-
charges occur, since the higher energy electrons cause the critical poten-
tial to be reached sooner. The transmission increases in this region be-
cause the energy of the beam is rising above the maximum of the critical 
potential. Finally, an energy is reached such that the rate of absorption 
of electrons is just enough to balance the electrons lost in the dis-
charges, so that the potential of the film is maintained. The next increase 
of beam energy reduces the rate of absorption of electrons from the beam, 
sothat when the next discharge occurs the absorption is no longer able to 
balance the charge. The potential of the film drops instantaneously, 
allowing the high energy electrons to pass through the film without opposi-
tion from any potential on the film. . ~ ·· - ·~·.. · · · · · 
Once the film has lost its charge the small absorption which occurs at 
these higher energies is easily held to a minimum by the secondary emission 
properties of the film together with the small leakage current through the 
film. This same statement holds for decreasing energies down to about 16-18 
Kev where the absorbed current becomes high. Here a point is reached where 
the next decrease of beam energy increases the absorption current to a value 
more than the secondaries and leakage current can handle, causing the film 
to begin charging up slowly. The charging rate is, of course, dependent upon 
the beam intensity, which is steady and small compared to the currents in · 
the discharging pulses. T}:lis would explain the difference in times required 
for the two anomalous transitions. 
The upper portion of the curve follows very closely the transmission 
curve of a similar weight conducting film. Also, holding the film in the 
beam for 30 minutes or more on any of the points of the upper portion of 
the curve gave no significant change in transmission. lhth of these facts 
are consistent with the explanation given above, which, for points on the 
upper portion of the film, describes ·the film as being in an uncharged state. 
2. Thin collodion film 
· ~s a contrast in thickness, the transmission curve of a 0.010-0.0lS 
mg/cm collodion film without aluminum was also measured. This film was the 
same size as the Formvar film and its transmission was measured under the 
same conditions. Figures23 and 24 show the results of the measurements with 
RV set at zero and +1100 volts, respectively. Since the collodion behaved 
practically as a conducting film, the energies plotted include RV in addi-
tion to the accelerating tube voltage. 
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With RV set at 4ll00 volts, the incident energy was varied from 1 to 
40 Kev, and then from 40 Kev back to 1 Kev again. On the following day the 
· same sequence was repeated. Unlike the case of the·· thicker Forrnvar film, 
the transmission curve was the same for both increasing and decreasing 
energies. Furthermore, on repeating this cycle the following d~ the 
results were still the same for both increasi ng and decreasing energies. 
Approximately twice as many points were takenas are shown in Figure 24, 
and the maximum deviation from the curve was less than 0. 75 per cent of 
full transmission. However for the sake of clarity not all the points 
could be shown. 
~ith RV set at zero, two complete cycles of increasing energy followed 
by decreasi ng energy were obtained in the same manner as above. The two · 
cycles were practically the same, so that for clarity only one cycle is 
shown in Figure 23. 
In making transmission measurements on collodion films of similar 
thicknesses, Ference and Stephenson (15) reported no charging effects for 
the films. Hamilton and Gross (39) have reported a charging effect on a 
similar collodion film when that film'lr.Y~~ .. used as beta-ray source-mount. 
This meant that the positive charge left on the film by the escaping beta-
rays was not neutralized, and therefore indicated that the conductivity of 
the film was negligible. However, others (40,41) have used these thin 
collocion films as beta-ray source-~unts and have reported no charging 
effects. 
In order to examine the ·charging effects of this collodion film as 
a function of time, the film was left ill the 'beamJ. for 30 minutes at an 
energy which gave 55 per cent transmission with RV equal to zero. No 
change in transmission was observed .. at any time during this test. The 
same test was made with RV equal to tllOO volts and a transmission of 80 
per cent, and again no change 'in ·transmission was observed. Furthermore, 
during all the measurements of transmission curves for the film, the 
stability of the transmission readings was excellent. Hence, probably 
the only potential which builds up on the film is that due to a voltage-
drop produced by the flow or current through the high-resistance of the 
film itself from the center where the beam strikes the film to the outer 
edges in contact with the aluminum disc. 
Now for collodion, the resistivity is about 1010-1011 ohm-em. This is 
many orders of magnitude lower than that for Formvar. Assu~ a 1/4 inch 
beam-spot on the film, an:~,;~;bsorbed current of the order of 10- 1 amperes 
could produce a voltage drop of several hundred volts in leaking through 
the film to the outer edge. Hence it is reasonable to suppose that the 
beam-spot on the film is considerably negative with respect to the disc 
carrying the film. With RV e~ual to zero, secondary electrons of energy 
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less than 90 volts are turned back tq the film. However, with the be~-spot 
on the film becoming possibly several hundred Yolts ne gative, the secondaries 
from the film could then escape to be collected in C, giving rise to an 
apparent tr~ssion · of greater than 100 per cent as shown in Figure 23. 
The slight difference in transmission curves for increasing energy and for 
decreasing energy is not understood, but is possibly caused by a charging 
effect in the film or by the secondary electron coefficient of the film 
having an energy memory~. 
With .; RV equal to t-1100 volts, most of the secondaries from the film are 
probably returned to the film since the beam-spot on the film probably does 
not charge up enough to cancel the effect~ of such a high value of RV. Thus 
the difference in the curves fo,r.i RV equal to zero and RV equal to +1100 
vo11..ts is explained by the same ·reasoning as was used in cQnnection with the 
conducting films described previously. 
From the above discussion it would seem that the true transmission for 
the collodion film for energies above a bout 3-5 lev :i.s represented .. ,'by t.he. 
curve for RV equal to tllOO volts. Below this, an RV of · f.Iloa : v~d .. ti's'!¢ut·s · 
off an appreciable portion of the tail of the energy distribution of' the 
primaries, and an RV of zerc allows secondaries from the film to escape 
into C. Thus, the t;t'U~ ~urte probabl.y :talls between the one shown for RV 
equal to +1100 volts. The values of. E,.., obtained from t~~_se curves were 
1.45 Kev for an RV of zero, and 1.75 Kev for an RV of +llOO volts. The 
value for an RV of zero is plotted on the range-energy curve of Figure 19, 
for comparison. Because o'f the small area used for .this film, and its 
very small thickness, the accuracy of weighing would only allow placing· the 
area density between 0.010 and 0.015 mg/cm2. As an approximate av.era~e, the 
value of 0.012 mg/cm2 was taken for plotting the above value of Ep ·in Figure 
19. .. 
The accuracy of the range-energy point represented by this film is 
somewhat less than that . of the aluminum-coated films. The low conduc-
tivity also introduces some error qy possibly allowing a small potential 
to build up on the film. However, considering the limits placed on the 
measurement of the area density, the range-energy point is probably fairly 
reliable. 
V. APPLICATIONS TO BETA-RAY SPECTRA 
A. Transmission of Counter Window 
L The window 
In order to apply film transmission data to. a counter window, the con-
ditions during measurement and those durin~ use in the counter must be 
"* 
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equivalent. Toward this end, the actual window itself was measured in a 
geometry duplicatirig,::'as near as possible that of the counter. The window 
was prepared by the usual glass-plate technique, using 2 dips of a 2 per 
cent 13Cllution of Formvar in ethylene chloride. This gave an area density 
<: of about 0.3 mg/cm2. The film was then attached to a brass window frame 
by using Krylon as an adhesive, so that the exposed portion of the film 
lay across the 3/8 inch diameter opening in the frame. Following this, 
the window was tested for leaks by subjecting it to a pressure differential 
of 10 em, the same as that used in the counter. This pressure differential 
stretched the film out into a bowed position, from which it Shrank but 
little after the pressure differential was removed. Windows showing no 
leaks were then placed in the RCA evaporator and given a coating of alumintiln 
on the counter side of the window. The coated window used in this investi- · 
gation gave about 5 per ~ transmission for white light. 
2. Transmission curve 
With the frame and its window mounted on the disc, transmission 
curves were obtained for RV equal to +1100 volts, and RV equal to zero. 
The results are shown as curves (1) and (2) of Figure 25. Curve (1) 
is used for the counter window transmission curve so as to be sure of avoid-
ing secondary electrons from the film as discussed earlier. 
In applying the transmission curve to measurements made with the count-
er, the geometry of collection of the transmitted beamfor the two cases 
must be taken into account. Since the counter window is conducting, this 
means that it becomes, electrically, part of the counter wall. Thus an 
electron emerging from the counter side of the window i mmediately finds it-
self in an electric field and capable of producing a count. Hence, electrons 
emerging from the window into the counter at all angles up to 90 degrees 
from the forward direction can produce a count. In other ~urds, the counter 
effectively subtends a solid angle represented by the entire forward 
direction, i.e., a hemisphere. In the transmission measurements, on the . 
other hand, practical physical considerations removed from collection those 
electrons scattered at angles greater than 70 degrees. From this it is 
expected that the measured transmission is probably slightly less than 
that seen by the counter., 
Heller, et al. (16) carried some of their transmission curves to 
high enough energies to reach a level region of constant transmission with 
the result that the curves leveled off at 90 per cent or less. The largest 
solid angle used by them allowed collection of the scattered beam up to an 
angle of about 20 degrees from the forward direction. Thus it appears 
that even at energies well above the point of leveling off an appreciable 
number of electrons are scattered at rather large angles. 
KEV 
Fig. 25--Transmission curves for aluminum-coated Formvar film used as counter window. 
Curve (3) was obtained assuming the Fermi plot of the 0.2 JJ.g/cm2 Pm.l47 source to be 
linear. 
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Examining the values of transmission at which the curves of Figures 7 
through 18 level off, it is quite probable that the transmission curve of 
the counter window would level ofl at 97,;..98 per cent if higher energies were 
available. The fact that the thicker films studied in this investigation 
level off at lower transmissions than the thinner ones is further evidence 
that the reason for leveling off at less than 100 per cent is appreciable 
scattering into angles greater than 70 degrees. Such a result is predicted 
from theoretical considerations simply by the existence of a larger number 
of scattering centers in a thicker target. Moreover, the number scattered 
into angles greater than 70 degrees increases as the energy decreases, so 
that the amount of over-correction will be greater the lower the incident 
energy. Corrections to counter data are made by dividing the observed count-
ing rate by the transmission to. obtain the counting rate actually incident 
on the window. Dividing by a small number thus gives an over-correction. 
it is then expected that application of the measured window transmission 
will result in a slight over-correction to data obtained using the counter 
as a detector. 
B. Beta-Ray Spectrometer and Counter 
l. Spectrometer 
A thin lens beta-ray spectrometer (42,43,44) was used as an instrument 
in which to apply the window tran~mission curve just described. 
;Spectrometers delivering a well-collimated beam of beta-rays to the 
counter window suffer from low efficiencies for collection of beta-rays from 
the source.. On the other hand, spectrometers of high collection efficiencies 
inherently deliver widely divergent beams because of the wide-angle 
focusing involved. Now, a certain minimum collection efficiency is needed 
in order to use thin sources with reasonable counting rates. The thin lens 
spectrometer offered the best compromise available. 
In this instrument the beta-rays cone to a focus on the axis in the 
form of an apex of a cone. The focus for a 6 mm diameter source is about 
9 mm in diameter. The rays cross through the focus at angles between about 
7 and 15 degrees from the axis. In view of the curvature, or bow, in the 
counter -vlindow, many of the beta-rays are normally incident on the window, 
and the rest deviate from this by only a few degrees. For the baffle · 
settings used, the solid angle of collection was about 0 .. 3 per cent with a 
resolution of about 3.0 per cent. 
This iron-free spectrometer was calibrated with the K-conversion line 
of the 661 Kev gamma-ray from csl37 ~ -Ba137. ,'Since the magnitude of the 
earth's magnetic field has an appreciable effect on the trajectories of 
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low-energy beta-rays in the spectrometer, correction was made for this. The 
shift in the K-conversion line of the 238 Kev gamma-ray of ThB when the 
magnet current was reversed could be measured quite accuratelY and was 
used to evaluate the correction due to th.e. earth's magnetic field. 
2. Counter 
The counter which was used previously in the spectroeter was of the 
end-window type having a very uncertain geometry in regard to the collection 
efficiency for the beta-rays which are scattered at appreciable angles on 
passing through the window. This was replaced by a side-window counter, 
a drawing of which is shown in Figure 26. Since the window is conducting, 
the electric field lines terminate there, and on this basis the sensitive 
volume of the counter is extended to the very inside ' surface of the window. 
Experiments (45,46,47) have been conducted to test this by passing high 
energy particles through a similar type counter at different distances from 
the center wire. The efficiency for producing a count was found to be 
constant over the entire circular cross section of the counter. This means 
that the efficiency for producing a count was essentially independent of 
th~ distance between the center wire and the point where the .ionization 
from the incoming particle was produced. 
Now the probability of forming ionization by the incoming particle can 
easily be calculated for different energies and path lengths in the counter 
gas. By far the great majority of transmitted beta-rays emerge from the 
window at angles such ·that they penetrate enough counter gas to give a 
probability of greater than 99.8 per cent for producing an ion pair. There 
is a small fraction of the transmitted beam which emerges from the window 
at angles wide enough that the beta-rays strike the curved window again after 
having traveled only 2-5 mm distance in the counter gas. Beta-rays scattered 
at wide angles in this case probably have energies less than 20 Kev. Con-
sidering this and the path lengths involved, efficiency calculations show 
that it is reasonable that the probability for producing an ion pair is 
greater than 95 per cent and almost certainly greater than 90 per cent. Now, 
the number of beta-rays scattered at such wide angles is rather small, so 
that the effective collection efficiency for this counter is quite well 
defined compared to the end-window counter previously used in the spectro-
meter. 
The window frame carries an 0-Ring type vacuum seal allowing windows 
to be inserted in the counter and removed from it conveniently. In opera-
tion, the counter pressure consisted of 9 am of argon and lcm of ethylene. 
The center wire was 5 mil tungsten, and the counter i tself was machined 
from a solid brass block. 
The counter had a plateau of 150-200 volts with a slope of 5-7 per 
cent per hundred volts, and demonstrated e~~ellent stability over the period 
of ·S .months that it was used for this investigatioi1·· 
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Fig. 26--Side window counter used in the thin lens beta-ray 
spectrometer. Lower view shows window frame removed. 
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To install the counter, it is inserted, window first, into the hole in 
the end-plate of the spectrometer until the large 0-Ring and the flange 
seat evenly on the end-plate. The lvindow is positioned exactly the same 
each time by means of the aligning Shoulder. 
C. Source-Mount and Source-Discharger 
In the study of low energy beta-ray spectra it is necessary to use 
thin sources in order to minimize the energy loss suffered by the beta-
rays as they emerge from different depths within the source. It is also 
necessary to remove as much mass as possible from the proximity of the 
source to reduce scattering. Tm..rard this end, the source-mount was designed 
as shown in Figure 21. The source itself is deposited on a thin collodion 
film of about 0. 006 mg/cm2• This film in turn is secured to a polystyrene 
ring by Krylon. Materials of lovJ atomic number such as polystyrene and 
aluminum are used near the source to reduce scattering. 
The brass tube which carries the source-mount is inserted through a 
vacuum lock into the spectrometer so that the image of the source is located 
on the counter 1..rindow. 
When a beta-ray source is supported on a nonconducting f ilm in a vacuum, 
the escape of the ne gative beta-rays causes the source to become incre.as-
ingly positive. This t hen subtracts energy from the escaping beta...;.rays, 
distorting the true energy spectrum. The positive charge may be neutralized 
by supplying a cloud of thermal electrons to the re gion of the source. 
Others (38, 48, 49) have used this technique '.Vi th apparent success. In this 
investigation the filament from a 2 .5 volt flashli ght bulb was used as a 
source of emission as Shown in Figure 27. With about l. 8 volts applied 
to this filament, and 90-120 volts applied to B, the aluminum probe, a . 
current of the grder of 0.2-0.5 microamperes was collected by the probe. 
This is some 10 or so times the maximmn activity used here, which was 
about 3 microcuries. Thus it was felt that the source could not charge up 
by more than a few volts at most. Voltage was applied to the pr'obe for a 
few seconds at a time at intervals of approximately one-half hour to check 
the emission from the filament. No drifts in the spectra were ever observed 
that were due to source charging. While the collodion film may have been 
sufficiently conducting to prevent charging, the filament-type source-dis-
charger was used to remove any possibility of source-charging. 
D. Sources and Their Preparation 
The radioactive decay scheme of Pml47 has been shown by several inves-
tigators (18,40,50,51) to be a single beta-ray group having an allowed 
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Fig. 27--Source-mount and source-discharger used in the thin lens beta-ray spectrometer. 
Filament was that from a 2.5 volt-0.3 ampere flashlight bulb. 
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shape. This isotope was obtained from Oak Ridge as the chloride in acid 
solution having a very high speciftc activity. Since various attempts at 
a thin chemical deposit of the Pm1 7 always gave a rel~tively thick and non-
uniform source, the process of distillation of the Pml 7cl3 in vacuum was 
tried. Figure 28 shows the arrangement of filament, film, supports, etc., 
inside the vacuum system used for this experiment. 
The filament was formed from 1 mil tantalum sheet into a trough-shaped 
strip about 1/2 inch long. This was then spot-welded to heavy nickel leads. 
The acid solution of Pml47 Cl3 was deposited in the trough-shaped filament 
in 5 microliter drops, and then dried at room temperature. Following this 
a thin collodion film of about 0.006 mg/cm2 supported on an aluminum ring 
was placed over the hole in the mask at a distance of about 0.3 inch from 
the filament. ltJhen a pressure of less than 0.1 micron was reached inside 
the vacuum chamber, current 't·Tas passed through the filament until it glowed 
red. From this point the terrqJerature of the filament v<as r aised in quick 
flashes to orange or yellow and back down to red again. Usually 5-10 
flames removed most of the activity from the filament. Occasionally a 
colloalion film would break, but using a very thi n filament usually reduced 
the radiated heat to the point where film-rupture was unusual. 
The above techniq_ue gave tv-ro very satisfactory sources; one that could 
easily be seen on the film, and a very thin one that could only be seen by 
the slight variation in reflectivity in the proper light. Survey meter 
measurements indicate that about 20 per cent of the distilled activity arrived 
on the film, and the remainder accumulated on the mask. In re-mounting the 
films on the polystyrene rings, with Krylon, stresses and wrinkles produced 
by the heat from the filament were usually relieved, giving a smooth 
unstressed film. 
Autoradiographs of these sources showed complete uniformity across the 
5-6 mm diameter of the source deposit. Microscope surveys showed very 
minute particle size for the thicker source, and no particles of any size were 
observed for the thinner source. On the assumption that all the mass, active 
and inactive alike, distilled from the filament in proportion to the active 
mass, data from Oak Ridge for this shipment indicate area densities of 
0.0002 mg/cm2 and 0.001 mg/cm2 for the thinner and thicker sources respective-
ly. 
A thick source of Pmlh? was made using ammonium hydroxide to precipitate 
the Pm147 as the hydroxide. Autoradiographs indicated maximum variations 
of area density of about 2:1, with the heaviest concentration in a ring 
around the outside of the circle. · This had an average area density of 0.020-
0.040 mg/cm2. 
These sources are listed in Table III together with some of their 
properties. 
STAINLESS 
STEEL 
SHIELD 
STAINLESS 
STEEL 
MASK 
ISC-439 
COLLODION 
FILM 
. ~ t 
VARIAC 
TANTALUM 
FILAMENT 
63 
GLASS 
CYLINDERS 
BRASS PLATE 
Fi~. 28--Evaporation set-up inside vacuum system as used to deposit 
Pm 47cl3 sources. . 
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Pro~.erties 
Ave. source 
thickness, 
;.tg/cm2 
Actual 
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pg/cm 
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Fermi plot 
lineari tyc, 
Kev 
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Fermi plot 
l{nearityd, 
Kev 
Standard 
deviation 
for ne, 
per cent 
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Table III 
Description of Sources and Their Fermi Plots 
Sourcea 
Pm14'7 
A B c D E 
0.2 1 20-40 30-50 150-250 
0.2~ 1 40-80 
35 35 70 40 80 
45 45 70 40 80 
1.5 1.5 0.6 2.0 1.5 
End-point 228 227 226.5 155 155 
energy, Kev tl.5 •1.5 ±1.5 tl.5 tl.5 
aSo~59e prepa:r:-ations: A, vacure-distilled Pm147c13; B, vafluum-distilled 
Pm Cl3; c, precipitated Pm 7(oH)3; D, slurry of Cac1 o3; E, slurry 
of cacl4o3• 
bBased on microscope measurements of particle size. 
cValues are lowest energies of linear portions of the uncorrected Fermi plots. 
dvalues are lowest energies of linear portions of Fermi plots corrected with 
curve (1) of Figure 25. 
en equals the total no. of counts observed per point. 
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The beta-ray spectrum of cl4 has been examined by severlfi investiga-
tors (51,52,53,54,55,56) with somewhat differing results. C decays by 
a single beta-ray group with an end point of 15 5 Kev. Its beta-ray spec-
trum was examined in this investigation in an attempt to determine the true 
· sh~pe of its beta-ray spectrum. However, because of the long half-life of 
cl4, the inherent specific activity of sources is very low. This means that 
thick sources are required for reasonable statistics. 
After trying many t~chniques for depositing a thin uniform layer of 
source , material, the slurry was chosen as the best compromise. Bacl4Q3 
from Oak Ridge was converted to1~ Cac14o3 which has similar properties but is only half as dense. The CaC ~3 precl.pitate was subjected to the beam 
of a l megacycle ultrasonic vibrator in much the same manner as that de-
scribed by Feldman and Wu (52). A drop of the resulting slurry was then 
placed on a thin collodion film. A small drop of ' a very dilute detergent 
solution was added to the drop of slurry. On drying, .the original peri-
meter of the drop was maintained until the very thin f~lm of water which 
remained, thencried quickly and even],y. The mass4which the detergent added 
to the source was negligible compared to the Cacl 03 itself. 
Autoradiographs of this kind of source showed that the distribution 
of the cacl4o3 ·.particles was quite uniform over a circular area of about 0.2 
cm2. Outside this was a narrow annulus devoid of mass. Outside this, in 
turn, was a th~n ring of mass which Showed no activity on the autoradio-
graphs but which was· clearly visible under the microscope. From this it 
was concluded that the outer ring of mass was detergent only . On the basis 
of the data supplie~,}~Y Oak Ridge for this isotope; and the counting rate 
observed, the two C..J..4.'~-~~:mrces, D and E, used in this investigation has 
average area densitie~ ~f 0.030-0.050 mg/cm2 and 0.150-0.250 mg/cm2 respec-
tively, as mown in iab~e III. However, measurements of particle size 
with a calibrated mi~roscope indicate an average particle size for each of 
about 5 microns and 25 microns respectively, which in turn means effective 
source thicknesses of about 1.5 mg/cm2 and 7.5 mg/cm2 respectively. The 
latter method of measuring source thickness is considered more reliable 
when the source is made up of widely separated discrete particles. 
E. Results of Beta-Ray Spectra 
l. Pml47 
Employing the counter and source-mount described above, the momentum 
spectra of sources A, B, and C were obtained in the 'thin lens beta-ray 
spectrometer. The data in the momentum spectra were converted in the usual 
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manner (57) to Fermi plots as shown in Figure 29, where curves A, B, and C 
are Fermi plots of sources A, B, and C. Here N is the number of counts 
per unit momentum interval, and f is the product of the square of the momen-
tum and F, the probability of the emission of a beta-ray of given energy. 
Y is the total energy, rest mass plus kinetic energy, of the beta-ray in 
units of the rest mass of the electron, mc2. For ease of comparison, all 
three Fermi plots are shown together, displaced vertically apart by two of 
the larger units on the vertical axis. The best straight line ~as drawn 
through the linear portion of each plot and extended to the energy-axis to 
give the end-point energy. The end-point energies are shown in Table III 
and are in good agreement with other reported values which range from 223 
Kev to 229 Kev (18,40,50,51). 
A sufficient number of counts were taken at each point to give the 
statistics shown in ~ble III. On curves A and B, this means a standard 
deviation for (N/f) 11~ of 1/4 of a smaller div./ision over the entire plot • . 
On curve C, the standard deviation for (N/f)l 2 is about half that, or 1/8 
of a smaller division. The linear portions of the unco:io.rected plots are 
given in Table III· 
From the family of the 3 plots the effect of source thickness may be 
seen. Curve C shows a significant rise above the straight line for the 
uncorrected plot indicating that source thickness is scattering into the 
acceptance angle of the spectrometer an appreciable number of electrons 
which have suffered energy loss in the thickness of the source. Curve A 
offers the best data from the point of view of a thin source. However, \ 
when the transmission curve for the counter window as measured in the accei~"P 
erating tube is applied to the uncorrected data of curve A, a slight over-·:· · 
correction results, as is shown in Figure 29. If the true Fermi plot is 
assumed to be linear to energies less than 1t Kev, then by working back-
wards a transmission curve for the window may be calculated. This was 
done for curve A, and the resulting transmission curve for the window is 
shown for comparison as curve (3) in Figure 25. Curve (3) was then in 
turn applied to the Fermi plot of B. The results were that this gave a 
linear plot down to 30 Kev, below which it rose above the straight line. 
This correction was omitted from Figure 29 for clarity. The differences 
between curves (1) and (3) will be discussed in detail in a later section. 
2. cl4 
The beta-ray spectra of the two cl4 sources were obtained in the thin 
lens spectrometer in the same manner as thc:>se for Pml47. The data were cm-
verted to Fermi plots and shown in vertically-displaced positions in Figure 
30. Table III lists sorre of the properties of the sources and their Fermi 
plots. The end-point energy is 155 Kev for each, and is in very good agree-
ment with reported values (51,52,53,55) of 154 to 156 Kev. The statistics 
ISC-439 
~47 
Pm' 
Fig. 29--Fermi plots of Pml47. Crosses show application of window 
transmission curve (1) of Figure 25. See Table III for description 
of Fermi plots. 
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W mc2 
' 
Fig. 30--Fermi plots of c14. Crosses show application of window trans-
mission curve (1) of Figure 25; open circles, that of curve (3) of Figure 
25. See Table III for description of Fermi plots. 
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were approximately the same as those for Pm147 sources A and B, i.e., the 
standard deviation for (N/f)l/2 for each point is 1/4 of one of the smaller 
divisions. 
The shape of the F~rmi plot above 40 Kev is linear for the thinner 
source. The thicker cl4 source was examined chiefly to establish that for 
this spectrometer the effect of source thickness is to cause a rise in the 
Fermi plot above the straight line. From Figure 30, the uncorrect~d curve 
of D possibly rises slightly above the straight. line. Ap~lication of curve 
(3) of Figure 25 to the uncorrected data of the thinner C 4 source, D, 
produces a definite rise above the straight line at 40 Kev, while the appli-
cation of curve (1) gives a considerable rise above the straight line there. 
Thus the true spectrum for the thinner c14 source is still being distorted 
qy source thickness. In view of this, little can be said with assurance 
about the shape of the Fermi plot in this region, it is expected that a 
thinner source would cause the Fermi plot to be linear to lower energies. 
However, it does not seem likely that the lowering would be sufficient to 
cause the true Fermi plot to fall considerably below the straight line 
as reported in two other investigations (51,56). 
Actually another spectrum was run on a source similar to D but was not 
shown here because of duplication. The Fermi plot was identical with that 
of D. Thus, above uO Kev the Fermi ~lot is definitely linear with no evidence 
of curvature such as that reported by Cook, Langer, and Price (54) and by 
Warshaw (55). 
F. Analysis of Counter Window Correction 
The application of curve (1) of Figure 25 to the Fe.rmi plot of source , . · 
A gave an over-correction, so that the corrected points rose above the r 
straight line determined qy the high-energy portion of the plot. In the 
discussion of the counter which was employed in the spectrometer, it was 
shown that even those electrons which emerged from the window into the 
counter at angles near 90 degrees from the forward direction still had high 
efficiencies for producing a count. The solid angle subtended by the 
Faraday collector, shown in Figure 1, is such that those electrons emerging 
from the film at angles greater than 70 degrees from the forward direction 
are not collected. If a significant number of electrons emerged at angles 
greater than 70 degrees, the application to a Fermi plot of the transmission 
curve as measured with the Faraday collector would indeed give an over-
correction. 
In order to obtain an estimate of the number of electrons which might 
be scattered into these i-.Tide angles, a calculation~ of multiple scattering 
was made. Bethe and Ashkin (58) give as the mean square angle of scattering 
(0 : 
in (•radians), 2 
where <9-2 
1 
(;}2 
min 
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~2 
1 
~2 
min 
= 477NZ(Z <9> l)e4t 
(pv)2 
27Te2zl/3 
hv 
(17) 
(18) 
(19) 
Here, N is the number of atoms per ern? in the film, t is the thickness of 
the film, e is the charge on the electron1 Z is the atomic number of the 
film material, his Planck ' s constant~ p is the momentum of the incident 
electron, and v is its velocity. The mean square angle of scattering 
was evaluated at two energies1 20 Kev and 40 Kev.9 on the assumption that 
the 0.3 mg/cm2 aluminum- coated Formvar film used as the counter vtindow 
was pure aluminum. The resulting values of ~were 0.98 and 0.21 for 
energies of 20 Kev and 40 Kev1 respectively. 
A similar calculation for Formvar, in addition to the above· calcula-
tion for aluminum would give extreme values of ~which should bracket 
the actual value for the aluminum-coated Formvar window. Assuming Formvar 
to have the composition C6H12o2, approptiate weighting of the effects of the 
various elements in Formvar moaifies the above formula for the mean square 
angle of scattering, so that 
where 
2 2 
9 ln <9J. 
l 7. 
llll.ll 
47Te4t { ~~r.z . (Z · 4- 1~ (pv)Z i ~1 1 1 ~ 
9~ = llll.n 
2-.J./3 
2rre z 
hv 
(20) 
} (21) 
(22) 
<. 
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~ 
··~· 
lnZ = 
5i:· [ NiZi (Zi + l)lnZ~ 
(23:) ~ (N·Z· (Z· lU 1 1 1 1 
The subscript 11 i 11 refers to the various elements which make u:p the 
compound. On applying this to Formvar, the values of -g'l were 0.40 and 
0.082 for energies of 20 Kev and 40 Kev, respectively. Chang, Cook and 
Primaioff (14) give an approximate angular distribution of electrons 
scattered by a film. This distribution was used by them with considerable 
success to calculate the elastic multiple scattering in their counter 
windows. These authors give 
~ 
PC e) d~t = G( 2 
~ 
(24) 
as the distribution of the electrons as a function of ~' the angle of 
emergence with respect to the forward direction. The parameter, c<, is 
determined by way of the mean square angle of scattering, 
"M = ?P(9 )dt9 = 6 CirZ ' (25) 
i.e., o<= ~. ~2 (2.6) 
It is now only necessary to integrate the angular distribution of the 
electrons, P( &-)d&, from (}. 0 ·to $: C9- in order to obtain the frac-
tional part of the electrons which are s~tered within the limiting angles 
of rreasurement. Designating Te as the transmitted fraction scattered with-
in an angle of &max' 18-max 
= 0 P(9)d&- (27) 
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= 1 (28) 
When the values .of ~ for aluminum and Fori!IVar are substituted into 
the expreasion for ot, the integral for Te can be evaluated for a 9. of 
70 degrees and 90 degrees. Te was evaluated for aluminum and for ~rnvar 
at 20 Kev and 40 Kev. The amount of over-correction on the Fermi plots 
which would be estimated from multiple scattering is given by the ratio of 
Te evaluated at 90 de grees to that evaluated at 70 de grees. At 20 Kev, this 
estimated over-correction was found to be 11 per cent for aluminum and 3.7 
per cent for Formvar. From Figure 25 it is seen that the difference between 
curves (1) and (2) at 20 Kev is approximately 5 per cent. Since the actual 
window is a composite of roughly 20 per cent aluminum and 80 per cent Form-
var, it may .be said that the theory .gives a reasonable prediction of the ' 
difference between curves (1) and (3) at 20 Kev. At 40 Kev the theory gave 
a negligible difference between curves (l) and (3) for Formvar and approxi-
mately 1 per cent difference for aluminum. The measured difference at 40 
Kev from Figure 25 is 'about 3 per cent. 
In determining how applicable this theory is to the problem at hand, 
at least two factors must be considered. First of all, in the derivation 
of the expression for ~' the value of ~1 was chosen by Bethe and Ashkin 
as a reasonable one. This choice was, nevertheless, somewhat arbitrary, 
yet ~,~~s a resonable theory. While~ enters the expression for Te 
as (~~) 4 , it enters into the exponent thus making the value of Te rather 
· sei1s:i..tive t·o .• the value of ?:JZ and hence sensitive to the choice of the value. 
of el. 
The form of P(~) given by Chang, Cook and Primakoff is admittedly a 
rough approximation, yet one which can be used conveniently by the experi-
menter. 
' Considering these limitations on the accuracy of the theory, the f act 
that theory gives estimates of the scattering at angles over 70 .degrees 
which are in the same region as the differences between curves (1) and (3) 
shows that scattering into wide angles may well account for the over-
correction which curve (1) gives to the Fermi plots. 
VI. SUMMARY AND OONCLUSIONS 
The transmission of electrons through thin films as a function of energy 
was measured using thermal electrons which were accelerated across a known 
potential and detected by a Faraday collector after their passage through 
a film. The extrapolation of the linear portion of the transmission curves 
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to zero transmissi on gave practical values of energy, :,C~, for the films 
which were shown .to correspond to practical ranges of, :ei:ectrons in films. 
C'JOod agreement was found with the ranges of Schonland, .{Whose th i nnest film 
was O. 25 mg/cm2 in area density. The present. author .. has me~sured ranges of 
electrons in films with area density as:r!iow as:. 0.04:3''' ~/cm2·1 'considerably 
lower than previously reported data. f' ' · · · 
0 ' 
The theoretical mean ranges as calculated from Bethe 1 s average energy-
loss f ormula showed reasonably good agreement with the practical ranges 
determined experimentally. Since most of the films meas~r~d in this 
investigation were composite films of aluminum· and P,l~stic in unc~rtain pro-
portions, range calculations were made for th'e· ·t :wo separate cases of alumi-
num and plastic. The experimental · data "{er'e'-'i'~i.Tly well bracketed by these 
extreme cases. In principle, tile mean r~ges calculated from theory are 
probably different from the experimentu· . ~:~S:rtges defined by extrapolation. 
Nevertheless, for energies less than 40 Kev1 .• application of Bethe 1 s energy-
loss theory to this kinP, of experiroont'. gives much better predictions of 
experimental ranges than · does the empirlqal r ;ange-energy relation of Katz 
and Penfold. Furthermore, the theoretical . I\.~ge-energy curve has the same 
direction of curvature as does a curve drawn.: through the experimental 
points, whereas the relatioh of Katz and -P~rfold has the oppo~i te curvature. 
The present author has found that a1i' ,of .his ·values ob ~ fall within 15 
per cent of those calculated from the relation, Ep a 22. 2R • , where ~ is 
in Kev and R is in mg/cm2• This relation ho:lds between 1.5 Kev and 25 Kev. 
The transmission experiments on plastic films which were not coated with 
aluminum indicated that the 0·.012 mg/cm2 collodion film was essentially a 
conductor under the conditions of the experiment, while the hysteresis . 
effect observed in the 0.3 mg/cm2 Formvar film showed that it was a non-
conductor. 
One of the aluminum-coated Formvar films for which the transmission 
curve had been measured was employed as the window of the oounter in the 
beta-ray spectrometer. When the transmission curve for the window was 
applied to the beta-ray spectrum of a 0.0002 mg/cm2 Pml47 source, an over-
correction resulted. Multiple scattering calculations estimate that some 
of t his over-correction may well be accounted for by the f act that the 
counter and Faraday collector subtend different solid angles of collection. 
The Fermi plot ot c14 was found to be linear for energies above 40 Kev. 
Since the thinnest cl4 source had an effec'tive thickness of 1.5 mg/cm2, 
little can b~ said from this investigation about the true shape of the cl4 
Fermi plot bel.ow 40 Kev. . 
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